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bstract
Thickness dependencies of the optical properties of as-deposited amorphous 30Li2O–10WO3–60B2O3 thin films prepared by
lectron beam evaporation on glass substrates at a base pressure of 9 ×  10−7 Torr were studied. Glancing angle X-ray diffraction
tudies were performed to confirm the amorphous nature of the prepared films. The absorption coefficient α  (and therefore the
xtinction coefficient k) was determined from the reflectance and transmission spectra in the strong absorption region. The dispersion
f the refractive index is discussed in terms of the single-oscillator Wemple–DiDomenico model. The optical constants, such as
ptical band gap, Urbach energy, the average excitation energy Eo and the dispersion energy Ed, of the thin films were determined.
he optical data revealed the existence of allowed indirect transitions.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Transition metal ions (such as tungsten) containing
orate glasses are suitable for optoelectronic devices
ecause they exhibit nonlinear optical absorption,
hotochromism, electrochromism and thermochromism
roperties that can be used for technological applica-
ions [1,2]. The B2O3 glasses are well-known due to∗ Corresponding author. Tel.: +91 40 27095200;
ax: +91 40 27090020.
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their large photo-induced second-order non-linear opti-
cal effects, which have strong bearing on the luminescent
efficiencies of these glasses [3]. Alkali borate glasses are
well-known, due to their high transparency, low melting
point, high thermal stability, and good rare earth ion sol-
ubility [4,5]. However, interest in these glasses as laser
hosts is limited due to their high phonon energy. Nev-
ertheless, the addition of certain transition metal oxides,
such as WO3, to Li2O–B2O3 glass makes them more
moisture-resistant; also, the phonon losses can also be
minimised to a large extent. Tungsten-containing glasses
have been studied due to the favourable properties of
tungsten ions, such as high electro-negativity, polaris-behalf of Taibah University. This is an open access article under the
ability, large ion radius, and changeable valence [6,7].
Glassy thin-film electrolytes are materials of con-
siderable technological interest. Such thin films are
used in the design of modern solid state batteries,
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electrochemical sensors, super capacitors, and elec-
trochromic devices. The optical characterisation of
thin films often requires the use of highly refined
computer numerical techniques applied to both optical
and reflection spectra [8,9]. In contrast, a relatively
simple and straightforward method for determining the
optical constants using only their transmission spectra
has been used for obtaining the optical constants [10].
The optical properties of oxide glasses, for example,
excellent transmittance in the infra-red region, continu-
ous shift of the optical absorption edge, and values of
refractive index ranging between 2.0 and 3.5, as well as
the strong correlation between the former properties and
the chemical composition, explain the growing interest in
these glassy materials for the manufacture of filters, anti-
reflection coatings, and a wide range of optical devices
[11–14]. This interest underlines the importance of the
characterisation of these glassy materials through the
determination of their optical constants, refractive index
and extinction coefficient, as well as the corresponding
optical band gaps.
The optical, microhardness and structural prop-
erties of thin films of borate based glasses were
investigated by many authors [15–18]. Thin amor-
phous films of lithium borate [19] and sodium borate
glass systems were prepared by RF magnetron sput-
tering [20]. Tungsten–tellurite [(100-x)TeO2–xWO3
(5 ≥  x  ≤ 30 mol.%)] thin films doped with Er3+ pre-
pared by radio-frequency magnetron sputtering have
been studied using Raman scattering and photolumi-
nescence techniques [21,22]. Recently, Ismail et al.
[23] reported the optical properties of tungsten-tellurite
amorphous thin films prepared by electron-beam depo-
sition. Thin films of binary and ternary tungstate
glasses were prepared by electron beam evaporation
[24,25]. The influences of the thickness and heat treat-
ment on the photochromic effect of the doped and
undoped WO3 films were studied by Avellaneda and
Bulhoes [26].
Recently, the authors reported the optical and
structural properties of bulk xLi2O–(30-x)Na2O–
10WO3–60B2O3 glasses [27]. The optical energy band
gaps for various indirect and direct (allowed and forbid-
den) transitions were determined. In the present work,
we report the optical properties of lithium boro-tungstate
amorphous thin films prepared by electron-beam depo-
sition. The refractive index, absorption coefficient
(therefore the extinction coefficient) and optical band
gaps were determined from the reflectance and trans-
mission spectra. To determine the refractive index,
the film thickness of the samples must be sufficiently
high.ersity for Science 10 (2016) 363–368
2.  Experimental
Bulk glass samples of composition Li2O–WO3–
B2O3 were mixed at a molar ratio of Li2O:WO3:B2O3
of 30:10:60 using reagent-grade Li2CO3, H3BO3 and
WO3 powders as the starting materials. These materials
were weighed according to the atomic weight percent-
ages to obtain the intended composition. These materials
were subsequently milled together in an agate mortar for
approximately 30 min. The milled mixtures were later
placed into a porcelain crucible and subsequently melted
in air in a preheated furnace with the temperature main-
tained in the range of 1100–1150 ◦C for approximately
60 min. These conditions were found to produce good
homogeneity of the glass. Once complete fusion was
achieved, the melt was quenched between two stainless
steel plates pre-heated to approximately 200 ◦C. Later,
the samples were annealed below their respective glass
transition temperatures for approximately 24 h followed
by slowly cooling them to laboratory temperature. The
amorphous nature of the prepared glass samples was
confirmed by X-ray diffraction analysis.
Thin films of the bulk glass composition
30Li2O–10WO3–60B2O3 of different thicknesses
(500, 1000 and 1500 nm) were prepared using the
electron-beam evaporation technique. A 3-kW elec-
tron gun (Telemark model 528) was used. To ensure
good quality deposited films, Thermo Scientific glass
microscope slides (19 mm ×  25 mm ×  1 mm) used as
substrates were pre-cleaned using an ultrasonic hot
bath, distilled water and pure acetone. Before depositing
the films, the graphite boat containing the fragments of
bulk glass was heated slowly at approximately 200 ◦C
to release most of the moisture imbedded within the
glass. After the oxygen release, the vacuum chamber
was evacuated to a base pressure of approximately
1.2 ×  10−4 Pa. During the deposition process, the
substrates were kept at room temperature (300 K).
The deposition rate was adjusted to be 5 nm/s. To
obtain homogeneous and smooth films, the substrates
were rotated at a constant speed. The thickness of the
produced films was monitored during the deposition
process using a quartz crystal thickness monitor to an
accuracy of 5 nm. A Hitachi S-900 high-resolution,
field-emission scanning electron microscope was used
to confirm the thickness of the films. A direct pull test
was used to measure the adhesion between the thin film
and the substrate. The film thicknesses were checked
independently after removal from the chamber using a
F20 profile meter.
The amorphous character of the deposited films was
examined via X-ray diffraction studies using a Brucker
ah University for Science 10 (2016) 363–368 365
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8 X-ray diffractrometer equipped with a Cu–K Alpha
adiation source of wavelength 1.54048 A˚.
The optical transmittance, T, and the optical
eflectance, R, of the deposited films were measured in
he wavelength range of 400–900 nm using a computer-
ontrolled UV–visible–NIR JASCO-670 double-beam
pectrophotometer. The transmittance and reflectance
pectra were obtained with a glass substrate in the
eference arm. All of the optical measurements were
erformed at room temperature.
.  Results  and  discussion
Fig. 1 shows X-ray diffraction (XRD) patterns
diffractograms) for the deposited thin films. The diffrac-
ograms reveal the amorphous state of the films. The
oom temperature transmittance and reflectance spec-
ra of films of different thicknesses (500, 1000 and
500 nm) as a function of incident photon wavelength
re shown in Fig. 2. The spectrum of the glass film
xhibits a maximum transmittance of 42% in the vis-
ble region. The transmission curves can be divided
roadly into regions of strong absorption near the optical
and gap and a region with medium or weak absorption,
here the effects due to interference are observed. The
T2g → 4A2g transitions of B2O3 are known to occur at
88 nm [28]. The 4T2g → 4A2g transition is observed as
n absorption edge, whereas the long wavelength feature
s suppressed by the interference effects. The other tran-
itions are not observed because the interference pattern
uppresses the effect due to these transitions.
The ability of a material to absorb light is measured
y its optical absorption coefficient. Using the measured
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Fig. 1. XRD patterns of 30Li2O–10WO3–60B2O3 glass films.Fig. 2. The reflectance and transmittance spectra of the studied glass
thin films.
spectral reflectance (R) and transmittance (T) along with
the film thickness d, the absorption coefficient (α) was
calculated according to
α(ν) = 1
d
ln
[
1 −  R
T
]
(1)
Fig. 3 plots the optical absorption coefficient α  of
the studied films as a function of wavelength. The UV-
absorption edges of the studied films are not sharply
defined, which characterises the glassy nature of the sam-
ples. The figure reveals that the visible transmittance of
the sample decreases and the positions of the fundamen-
tal absorption edge shift towards longer wavelengths in
single alkali borate glasses with an increase in alkali
content [29,30]. This shift to higher wavelength can be
attributed to the increase in the non-bridging oxygen,
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Fig. 3. Optical absorption coefficient of the studied films as function
of wavelength.
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Table 1
Optical parameters of the 30Li2O–10WO3–60B2O3 glass films.
Parameter 500 nm 1000 nm 1500 nm
Optical band gap energies (Eopt) (eV) (±0.05)
Indirect allowed (n = 1/2) 2.50 2.42 2.41
Indirect forbidden (n = 1/3) 2.42 2.37 2.40
Direct allowed (n = 2) 2.66 2.68 2.64
Direct forbidden (n = 2/3) 2.65 2.70 2.67
Eopt from ε2 2.51 2.41 2.43
E (eV) (±0.001) 0.426 0.429 0.423
Eo (eV) (±0.001) 2.192 2.286 2.383
Ed (eV) (±0.001) 0.506 0.505 0.494
E is the Urbach energy.366 A. Edukondalu et al. / Journal of Taib
which in turn causes a decrease in the bridging oxygen.
Because the non-bridging and the bridging oxygen are
bonded to only one and two frames of a network cations,
the spectra of the present glass system reveal the presence
of W5+ in addition to W6+ ions via a weak band region
(800–1000 nm). This broad visible band is assumed to
be due to the excitation of the W5+ ion from the ground
state with the crystal-field parameters [31].
Davis and Mott [32], Tauc and Menth [33] related
these data to the optical band gap, Eopt, through the
following general relationship proposed for amorphous
materials
(αhν)n =  B(hν  −  Eopt) (2)
where B  is a constant related to the extent of the band
tailing, and hν  is the incident photon energy. The index n
determines the type of electronic transitions causing the
absorption, and takes on the values 1/2, 2, 2/3 and 1/3
for indirect allowed, direct allowed, direct forbidden and
indirect forbidden transitions, respectively. According to
the theory of the electronic structure of amorphous mate-
rials [32], the absorption edge in the amorphous material
is interpreted in terms of indirect allowed transitions. By
plotting (αhν)n as a function of photon energy hν, one
can find the optical energy band gap Eopt for all transi-
tions. The values of the optical band gap energy Eopt can
be obtained by extrapolating the absorption coefficient
to zero absorption in the (αhν)n versus photon energy hν
plots, as shown in Fig. 4. The optical band gap energies
thus evaluated for the glass samples at different values of
n are listed in Table 1. In the present study, the allowed
indirect and direct band gap energies vary from 2.51 to
2.60 eV and 2.74 to 2.78 eV, respectively.
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Fig. 4. Tauc plots (n = 1/2, 2, 2/3 and 1/3) for the
30Li2O–10WO3–60B2O3 glass films.Eo is the average excitation energy for electronic transitions and Ed is
the dispersion energy obtain from Fig. 7.
In the bulk 30Li2O–10WO3–60B2O3 glass sample,
the allowed indirect and direct optical band gap ener-
gies are 3.77 eV and 3.90 eV, respectively [27]. Because
the obtained values of the optical band gap vary accord-
ing to the selected value of the exponent n, one cannot
practically decide which value of n  should be selected.
Therefore, Eq. (2) may be used only for the determina-
tion of the type of conduction mechanism, and Eopt itself
should be determined using another parameter, i.e., the
imaginary part of the dielectric constant (ε2), by which
the exact value of exponent can be selected.
The complex refractive index and the dielectric func-
tion characterise the optical properties of glass. The
values of the refractive index n  and the extinction
coefficient k can be determined from the theory of
the reflectivity of light. According to this theory, the
reflectance of light from a material can be expressed as
[34]
R  = (n −  1)
2 +  k2
(n  +  1)2 +  k2 and k =
αλ
4π
, (3)
where λ  is the wavelength of the incident photon. The
values of the refractive index were estimated by using
the formula
n2 = 1 +  R
1/2
1 −  R1/2 (4)
where R  is reflectivity of the sample in the transparent
region of glasses studied. Fig. 5 shows the variation of
the refractive index and of the extinction coefficient as a
function of wavelength for different film thickness. The
refractive index clearly decreases with increasing wave-
length (low wavelength region) of the incident photon; in
contrast the refractive index increases with the increase
of film thickness. The extinction coefficient is the imag-
inary part of the complex index of refraction, which is
also related to light absorption. The real and imaginary
A. Edukondalu et al. / Journal of Taibah University for Science 10 (2016) 363–368 367
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this table clearly demonstrate that the average excitation
energy Eo increases with film thickness.
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[n
2 -1
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2 2
500 nmig. 5. The refractive index n and the extinction coefficient k as a
unction of wavelength.
arts of the dielectric constant (ε1, ε2) are related to the
 and k  values by the following formulae:
1 =  n2 −  k2 and ε2 =  2nk  (5)
Fig. 6 plots the variation of the imaginary part of the
ielectric constant ε2 with photon energy for the studied
lass. From the above figure, the optical band gap can
e obtained by extrapolating the imaginary part of the
ielectric constant to zero, as shown in the figure. A com-
arison of the optical energy gap values obtained from
bsorption spectra in the case of indirect allowed transi-
ion reveals that the values are in good agreement with the
alues estimated from the dielectric measurements ε2.
hus, the type of electronic transition in the present glasss indirectly allowed. From the optical absorption data,
he values of the Urbach energy (E) were determined
see Table 1).Fig. 6. Imaginary part of the dielectric constant ε2 as a function of
photon energy.
The refractive index variation with respect to photon
energy could be obtained from the following rela-
tionship, based on the single oscillator approximation
suggested by Wample [35,36]:
n2 −  1 = EdEo
E2o − E2
(6)
where n  is the refractive index at a specific wavelength,
E = hν  is the photon energy, Eo is the average excitation
energy for electronic transitions, and Ed is the disper-
sion energy. Fig. 7 plots the variation of 1/(n2 −  1) with
(hν)2. Eo and Ed can be determined from the linear fit of
1/(n2 − 1) versus (hν)2 plots (Fig. 7). The values of Eo
and Ed thus evaluated are listed in Table 1. The data in(hν)  (eV)
Fig. 7. The relationship between 1/(n2 − 1) and (hν)2 for the studied
glass films.
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4.  Conclusions
Thin films of 30Li2O–10WO3–60B2O3 glass (thick-
nesses of 500, 1000 and 1500 nm) were prepared via the
electron beam evaporation technique and were found
to exhibit minor delamination from the substrate. The
amorphous character of the deposited films was con-
firmed using Glancing angle X-ray diffraction. The
transmittance and reflectance spectra of thin films were
used to determine the different optical constants in the
wavelength range of 400–900 nm. The optical measure-
ments indicate that the absorption mechanism is due to
indirect transitions. The average excitation energy Eo
was found to increase with film thickness.
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